Topological insulators are insulating materials but have metallic edge states with peculiar properties. They are considered to be promising for the development of future low energy consumption nano-electronic devices. However, there is a major problem: Naturally grown materials are not truly insulating owing to defects in their crystal structure. In the present study, we have examined the electronic structure and transport properties of topological insulator ultrathin Bi 2 Te 3 films by angle-resolved photoemission spectroscopy and in situ transport measurements. To realize a truly bulk insulating film, we tried to tune the Fermi-level position using two methods. The first of these, i.e., changing the Si substrate temperature during film growth (350-450 K) to reduce the defects in the grown films, had some effect in reducing the bulk residual carriers, but we could not fabricate a film that showed only the surface states crossing the Fermi level. The second method we employed was to incorporate Pb atoms during film growth since Pb has one less electron than Bi. When the films were grown at around 350 K, we observed a systematic shift in the Fermi level and obtained a bulk insulating film, although it was not possible to move the Dirac point just at the Fermi level. The change in the measured film conductivity was consistent with the shift in the Fermi level and suggested the detection of the surface-state conductivity. For films grown at a higher substrate temperature (450 K), the Fermi level could be tuned only slightly and a bulk n-type film was obtained. Pb incorporation changes the shape of the Dirac cone, suggesting the formation of a stoichiometric ternary alloy of Bi, Pb, and Te, which is another topological insulator.
Introduction
Topological insulators have attracted much attention from a wide variety of researchers in condensed matter physics as well as device physics for spintronics. They are mathematically characterized by the so-called Z 2 topological number. 1) While the bulk is insulating, there is a metallic edge or surface state that is topologically protected and hence robust against weak perturbation or disorder. These surface states also have a spin-helical structure; i.e., the spin is locked with the momentum. Angle-resolved photoemission spectroscopy (ARPES) measurements have directly shown the presence of such surface states, and their spin structure has been resolved for a variety of materials. [2] [3] [4] [5] Owing to the spin-helical nature of their surface states, topological insulators can exhibit spin polarization by applying an electric field even in the absence of a magnetic field. 6) When doped with ferromagnets, a quantum anomalous Hall effect will arise that is also controllable by the electric field. 7) Moreover, it has been predicted that when topological insulators are placed into contact with superconductors, Majorana fermions will emerge. 8) Because of their nonAbelian nature, these Majorana fermions are said to be applicable in topological quantum computation. 9) Also, since typical examples such as Bi 2 Te 3 and Bi 2 Se 3 are known to be thermoelectric materials, topological insulators are expected to be utilized in high-performance thermoelectric devices. 10) All these unique properties make topological insulators promising candidates for fabricating high-speed, low-energyconsumption, next-generation, nano-scale electronic devices.
One critical issue in the study of topological insulators is the realization of a true bulk insulator. In principle, when a sample is cooled to low temperatures, the insulating bulk carriers will freeze out, and thus only the metallic surface states should contribute to the physical properties. But it has been known that some unwanted doping occurs, and in reality, it is difficult to make the bulk ''insulating''. ARPES studies have shown that naturally grown stoichiometric samples are actually n-type semiconductor owing to inevitable defects or substitutions in the lattice. 2, 11) Many attempts have been made to perform the opposite doping with intentional substitution of atoms, and these have been partly successful. 12) Recently, two new materials, BiSbTeSe 13) or Sn-doped Bi 2 Te 2 Se 14) were shown to be bulk insulating crystals.
Another interesting question is how the surface states will be affected in ambient conditions. In ARPES, the experiments are all performed under ultrahigh vacuum conditions where the crystals are cleaved in situ prior to the measurement. In contrast, transport measurements are performed ex situ in air. Whether the same surface states are present in both environments is an open question. Some reports have focused on the oxidation of these materials. 15) There are actually some transport measurements that show that the surface states degrade due to oxidation. 16) Others claim that keeping the topological insulator crystals in air will just induce carrier doping. 13) In this respect, it is desirable to perform in situ transport measurements 17, 18) that would be free of the complicating effect of oxidation.
In the present work, we have attempted to tune the Fermilevel (E F ) position of a Bi 2 Te 3 film grown on Si(111). The advantage of using an ultrathin film is to enhance the surface/ volume ratio by decreasing the sample thickness and making the surface-state transport dominant. However, if the film is too thin, there will be no topological surface states. 19) Therefore, we have fabricated three quintuple layer (1 QL = 10.2 # A) films and measured the band dispersion as well as performed in situ transport measurements. For the doping, we have employed two methods. The first of these is to change the substrate temperature during film growth and control the defect density. ARPES measurements showed that Fermiy level tuning was possible to some extent, but the doping was complicated. In situ transport measurements did not show systematic change with the band dispersion. As a second, alternative method, we have incorporated Pb into the Bi 2 Te 3 film. We found that for rather low substrate temperatures during film growth (350 K), it was possible to realize a bulk insulator when 10% Pb was alloyed with Bi; ARPES showed that only the surface states crossed the Fermi level. In contrast, it was not possible to realize a bulk insulating state when the substrate temperature was high (450 K). In both cases, we found a change in the shape of the Dirac cone that suggested the formation of another stoichiometric alloy of Bi, Pb, and Te, which are also known as topological insulators. Furthermore, the measured film conductivity was in accordance with the change in the band dispersion. Thus, these films may enable the fabrication of devices utilizing the intriguing properties of topological surface states.
Experimental Methods
The ultrathin Bi 2 Te 3 films were fabricated in situ by a method similar to that in Ref. 20 . First, a clean Si(111)-7 Â 7 surface was prepared on an n-type substrate (P-doped, 1-10 Ácm at room temperature) by a cycle of resistive heat treatments. Then Bi was deposited on the 7 Â 7 structure at 350-450 K under Te-rich conditions. This procedure is reported to result in a smooth epitaxial film, as can be clearly seen in the RHEED pattern in Fig. 1 , indicating the 1 Â 1 periodicity of the Bi 2 Te 3 (111) surface as well as the Kikuchi lines. Scanning tunneling microscopy measurements have also confirmed the formation of high-quality films with an atomically flat surface. 21) It is also known that the minimum film thickness that can be achieved by this method is a quintuple layer (1 QL = 10.2 # A), and the films grow in a QL-by-QL fashion as revealed by the RHEED intensity oscillation. 22) For carrier doping, we have alloyed Pb with Bi and co-deposited them with fixed flux ratios under Te-rich conditions. This co-deposition also resulted in a smooth epitaxial film with no noticeable change in lattice constant as far as revealed by the RHEED pattern.
In situ conductivity measurements were performed with monolithic micro four-point probes (MFPP) in a custommade UHV chamber 17) at room temperature without applying a magnetic field. The conductivity of the underlying substrate Si(111)-7 Â 7 is much smaller than the measured values and can be neglected. 23) Furthermore, it is likely that the 7 Â 7 structure is destroyed by the film formation. The vertical error bars in the conductivity measurements represent the data scattering caused by measuring different positions of the sample surface. Since the probe spacing (20 m) is much smaller than the sample size (typically 2 Â 10 mm
2 ), such scattering reflects the inhomogeneity of the ultrathin films (nonuniform distribution of defects and steps, etc.). The scattering is not so large as can be seen in Figs. 3, 5, and 9, meaning that the films are rather homogeneous, which has also been confirmed by measuring the core-level photoemission spectra of Bi, Te, and Pb at various parts of the sample. The only exception is at the sample edge near the clamps where the underlying substrate is contaminated.
ARPES experiments were performed at BL-5U of UVSOR-II using an electron analyzer of MBS-Toyama A-1. The energy and angular resolutions were 20 meV and 0.2 , respectively. The photon energy used was h ¼ 21 eV and the measurements were done at 10 K. We emphasize that both the conductivity and ARPES measurements were conducted in situ under UHV conditions, ensuring that the same surface states were present in both measurements.
Results and Discussion
Experimentally, it is known that Bi 2 Te 3 films can exhibit Dirac-like surface-state band dispersion from 2 QL. For the 1 QL film, the top and bottom surface Dirac cones interact, which results in a massive Dirac cone (parabolic band dispersion). 20) Theoretically, it has been pointed out that three or more QL films have topologically nontrivial surface states. 24) Therefore, in the following, we will discuss the band dispersion and film conductivity of a 3 QL Bi 2 Te 3 film.
Substrate temperature dependence
First, we show how the band dispersion is affected by changing the substrate temperature during the growth of the Bi 2 Te 3 films. Figure 2 shows the Fermi surface (top row) and the band dispersion (bottom row) of the 3 QL Bi 2 Te 3 film when the substrate temperature (T Si ) during the growth is 350 (a), 421 (b), 431 (c), and 449 K (d). The outer hexagons and inner circles in the Fermi surface of Fig. 2(a) indicate the Dirac-cone surface state and bulk conduction band, respectively. For the other data, the distinction between the bulk and surface is rather unclear, but by analyzing the photoemission spectra in detail, we can outline the individual components and their probable schematic shape is shown in Figs. 2 
This indicates that all of the films are electron-doped (n-type), which means the bottom of the bulk conduction band is below E F . The red line shows the position of the Dirac point (DP). It can be seen that the DP shifts towards E F as T Si is increased. This is basically consistent with the results of a previous study showing the Fermi-level tuning of a 60 QL Bi 2 Te 3 film. 25) However, although they succeeded in changing the bulk carrier from electrons (n-type) to holes (ptype), Fig. 2(d) shows that the films remain n-type throughout the temperature range we have studied; the intensity at the center of the Fermi surface in Figs. 2(b)-2(d) means that the bulk conduction band remains below E F . 26 ) Furthermore, we note that the energy positions of the surface and the bulk states shifted differently: While the surface states shifted by about 0.2 eV towards the Fermi level from (a) to (d), the bulk states appear to have shifted by less than 0.1 eV. The origin of this behavior is not clear, but this shows that the slight change in substrate temperature as well as film thickness can have a different influence on the surface and bulk band structure.
Figure 3(a) shows the change in the bulk and surface-state carrier density as a function of the substrate temperature derived from the area of the Fermi surface in Fig. 2 . Figure 3 (b) compares the change in DP energy position (red filled squares) with measured film two-dimensional (2D) conductivity (blue open diamonds). As discussed above, the DP shifts systematically towards E F for higher T Si . On the other hand, the 2D conductivity is 65 S for the film grown at 350 K, and increases to $250 S for films with T Si ¼ 405{430 K, then returns to 80 S for the film with T Si ¼ 450 K. Thus, we conclude that there is no correspondence between the film conductivity and the Dirac point energy. This is not surprising since we showed that the energy shifts of the surface and bulk seem to be different. Furthermore, since conductivity is given by ¼ en, where n is carrier density and is mobility, conductivity is not only determined by n (the Fermi-level tuning). Since mobility is influenced by defect density, we need to know how the defect distribution varies with T Si . Obtaining this information requires a detailed study using different experimental techniques.
In summary, we attempted to fabricate a truly bulk insulating 3 QL Bi 2 Te 3 film by tuning the Fermi-level position through changing T Si . The approach was, to some extent, successful; however, the bulk and surface states were affected differently. Furthermore, there was no clear relationship between the film conductivity and the E F position. This suggests that changing T Si is not enough to make a bulk insulating film.
Binding energy (eV) Their size shrinks gradually, and at 14% doping, the bulk Fermi surface seems to disappear; we can only recognize a single Fermi ring of the Dirac cone in (e). The features are more or less the same for the 22%-doped film in (f ), though the Dirac-cone Fermi ring has shrunk. The DP position (red line) shifts systematically towards the Fermi level, but seems to saturate around 0.12 eV below E F [(f )]. From the area of the Fermi surface, it is possible to estimate the carrier density, which is shown in Fig. 5(a) . In contrast to the discussion in the previous section where the changes in the energy positions of the bulk and surface states were different, they seem to shift together in the present case. This can also be gleaned from the conductivity measurements. Figure 5 (b) compares the measured film conductivity (blue open diamonds) to the shift in the Dirac point (red filled squares). The conductivity gradually decreases as Pb is doped from its initial value of 65 S and saturates at around 20 S for doping levels higher than $10%. We can say that there is a systematic relationship between the DP energy and the conductivity, unlike in the results shown in the previous section. Thus, the change in carrier concentration presumably corresponds to the change in conductivity. Since only the Dirac-cone surface state crosses the Fermi level with a Pb density of more than $10%, the saturated value of 20 S likely corresponds to the surface state contribution, but further study is needed to draw a definite conclusion. As the measurements were performed at room temperature, there should still be 10 be determined from the present measurement, we cannot distinguish the bulk and surface contributions. If we assume that only the surface state contributes to the measured conductivity, the mobility at room temperature can be estimated to be 22 cm 2 ÁV À1 Ás À1 . We have found that Pb does not actually donate one hole per atom. The ratio (induced hole carriers)/(incorporated Pb atoms) changes from 0.2 for the 1.3%-doped film to 0.05 for the 22%-doped film. One report shows that part of the Pb atoms in Bi 2 Te 3 are electrically inactive, forming a seven-layer lamellae of Te-Bi-Te-Pb-Te-Bi-Te (septuple layer, SL). 27) Furthermore, it has recently been reported in Refs. 28-31 that Pb, Bi, and Te can be used to fabricate other topological insulator materials such as PbBi 2 Te 4 , PbBi 4 Te 7 , and PbBi 6 Te 10 . These materials are formed by repeating not only QLs, but a combination of QLs and SLs. Thus, it can be concluded that Pb-alloying does not only affect the carrier density of Bi 2 Te 3 , but may also be changing the crystal structure itself. Figure 6 shows the RHEED oscillation during film growth. After the completion of a wetting layer (0), QL-by-QL growth occurs for the undoped film. We note that the interval between the first peak (1) and the second peak (2) decreases with increasing Pb concentration. For the 16.7%-doped film, the ratio of the time it takes for the first, second, and third peak structure ðpeak1{peak0 : peak2{peak1 : peak3{peak2Þ $ 7 : 3 : 7. This suggests the formation of a SL-QL-SL structure, and hence, a PbBi 4 Te 7 film. This can also be seen from the change in the shape of the Dirac cone. Figure 7 shows the constant energy contour (CEC) mapping at the DP. While the CEC for the pristine film has a rather large and fuzzy circular feature around the " À point owing to the overlap with the bulk valence band, this circle shrinks as the Pb concentration increases. Once the bulk conduction band exceeds E F , the CEC at the DP becomes a ''real point'' [Figs. 7(e) and 7(f )], implying that the overlap between the surface states and bulk valence band has been eliminated and the Dirac cone has become isolated. While a precise description of the structure would require further investigation, it is clear that Pb-doped Bi 2 Te 3 films have an ideal, well-isolated Dirac cone in contrast to the undoped Bi 2 Te 3 shown in Fig. 2 .
In summary, we found that it is possible to fabricate a truly bulk insulating Bi 2 Te 3 film by $10% Pb incorporation during film growth at T Si ¼ 350 K. The Dirac cone becomes well isolated from the bulk states and is more ideal than that of the pristine Bi 2 Te 3 . The measured film conductivity is consistent with the change in Fermi level revealed by ARPES.
Pb doping dependence: high T Si
Let us discuss the effect of Pb doping when the films were fabricated at a high substrate temperature (T Si ¼ 449 K). the growth mode at high substrate temperature is of a stepflow type, 25) we could not observe any oscillatory behavior, and it was difficult to determine which alloy was formed. The question of how the difference in T Si influences the Fermi-level tuning of Bi 2 Te 3 films as well as the actual structure of the Pb-doped films remain unclear. Further measurements are needed to determine the real atomic structure of the films shown in Figs. 8(d)-8(f ) . Figure 9 compares the measured film conductivity (blue open diamonds) and the shift in the DP (red filled squares). It can be seen that the two follow the same trend: A slight drop is observed at the low-concentration Pb doping, then both start to increase with further Pb incorporation. This suggests that the conductivity is basically determined by the carrier density, which was also discussed in the previous section. However, since these films are not bulk insulating films, the absolute values of the conductivity shown in Fig. 9 are higher than 20 S (Fig. 5) , which is the value measured for the film that the bulk band does not cross E F [Figs. 4(e) and 4(f )].
To summarize, we have found that it is not possible to fabricate a truly bulk insulating Bi 2 Te 3 film by Pb incorporation during film growth at T Si ¼ 450 K, although there is some shift. It is likely that a different structure composed of Pb, Bi, and Te is formed, judging by the change in the shape of the Dirac cone.
Summary
In conclusion, we tried to tune the Fermi level of a 3 QL Bi 2 Te 3 film to realize a bulk insulating material using one of two methods. The first method, which involved changing the Si substrate temperature during film deposition (350-449 K), had some effect in reducing the bulk residual carriers. However, we could not fabricate a film in which only the surfacestate bands crossed the Fermi level. The second method was to incorporate Pb during film growth by co-deposition of Bi, Pb, and Te with controlled ratios of deposition rates. When the films were grown at a relatively low substrate temperature, we observed a systematic shift in the Fermi level and obtained a bulk insulating film. The measured film conductivity was consistent with the change in DP position. These films can hopefully be utilized in electronic device applications. For the films grown at a high substrate temperature, the Fermi level could be changed slightly, but only a bulk n-type film was obtained. Pb incorporation changed the shape of the Dirac cone, which likely suggests the formation of a stoichiometric ternary alloy of Bi, Pb, and Te. 
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